Background. Data describing influenza-or respiratory syncytial virus (RSV)-associated hospitalized illness in children aged <5 years in Africa are limited.
Influenza and respiratory syncytial virus (RSV) are leading causes of hospitalization and death among children globally [1] [2] [3] [4] . However, data describing the spectrum of influenza-or RSV-associated hospitalized illness in infants and young children in low-and middle-income countries (LMIC) are limited because children hospitalized in these settings are not routinely tested for influenza or RSV infection [5] . These data are essential for informing decisions about vaccine introduction. Recent investments in strengthening respiratory disease surveillance in LMIC have demonstrated a sizeable burden of influenza-and RSV-associated hospitalizations and deaths. It is estimated that 99% of influenza-and RSV-associated deaths in children aged <5 years occur in developing countries [2, 3] .
Published rates of influenza-associated lower respiratory tract infection (LRTI) hospitalizations in South African children aged 0-4 years are from the pandemic period (2009) (2010) (2011) when surveillance at a single hospital estimated a rate of 766 (95% confidence interval [CI] , 553-1021) per 100 000 human immunodeficiency virus (HIV)-infected children and 314 (95% CI, 284-349) per 100 000 HIV-uninfected children [6] . Likewise, rates of RSV-associated LRTI hospitalizations in children aged 0-4 years from the same hospital were estimated to be 10.1 (95% CI, 9.6-11.7) per 1000 children in 2010 and 11.2 (95% CI, 10.6-11.8) per 1000 children in 2011 [7] . Surveillance from a private hospital network in South Africa during 2007-2012 estimated mean annual influenza-and RSV-associated hospitalization rates in children aged <1 year of 255 (95% CI, 143-358) and 7601 (95% CI, 4312-10 817) per 100 000 infants, respectively [8] . However, estimates from the pandemic period may not reflect the burden of seasonal influenza, and existing estimates of RSV-associated hospitalization rates are highly variable.
Few prior studies of influenza and RSV in children have assessed the impact of antenatal HIV exposure on hospitalization risk independently from HIV infection. In an analysis of data from 2010-2011, we found that HIV exposure was associated with increased risk of RSV-associated hospitalization (incidence rate ratio [IRR], 1.4; 95% CI, 1.3-1.6) and death (odds ratio [OR], 2.1; 95% CI, 1.1-3.8) in infants aged 0-5 months [9] . The same trend was noted for influenza-associated hospitalization, but the association was not statistically significant (IRR, 1.2; 95% CI, 0.8-1.8). HIV exposure has also been associated with increased risk of invasive pneumococcal disease (IPD) (IRR, 2.7; 95% CI, 2.0-3.7) post-vaccine introduction and IPDassociated mortality (adjusted relative risk ratio [aRR], 1.76; 95% CI, 1.09-2.85) in infants aged 0-5 months [10] . In both studies [9, 10] , HIV exposure was not associated with increased risk of hospitalization or death in older infants or children; therefore, we limited our assessment on the impact of HIV exposure to infants aged 0-11 months.
Given the limitations of available data, we aimed to describe the epidemiology of hospitalized influenza and RSV in South African children aged 0-59 months from 3 surveillance hospitals during 2011-2016.
METHODS

Severe Respiratory Illness Surveillance
During January 2011-December 2016, prospective surveillance for severe respiratory illness (SRI) at 3 hospitals (Edendale Hospital in Pietermaritzburg, KwaZulu-Natal Province, and Klerksdorp and Tshepong Hospitals in Klerksdorp, North West Province) was conducted among children aged 0-59 months. SRI case definitions were age specific. In infants aged 2 days to <3 months, SRI was defined as a hospitalized infant with a diagnosis of suspected sepsis or physician-diagnosed acute LRTI. In children aged 3-59 months, SRI was defined as a hospitalized child with physician-diagnosed LRTI, including bronchitis, bronchiolitis, pneumonia, or pleural effusion.
Specimen Collection and Laboratory Procedures
Surveillance procedures have been previously described [11] . Briefly, surveillance officers completed case report forms for all consenting SRI cases. Nasopharyngeal aspirates were collected from enrolled children, placed in universal transport medium, and transported at 4 o C-8 o C to the National Institute for Communicable Diseases within 72 hours of specimen collection. For 2011-2014, a multiplex real-time reverse transcription polymerase chain reaction (rRT-PCR) assay was used to test for influenza A and B viruses; RSV; parainfluenza virus types 1, 2, and 3; adenoviruses; rhinoviruses; human metapneumovirus; and enteroviruses [12] . For 2015-2016, a commercial multiplex rRT-PCR (FTD Flu/RSV assay, FastTrack Diagnostics, Sliema, Malta) was used to test for influenza A and B viruses and RSV. For infants aged 0-11 months, HIV exposure status was determined by medical record review, maternal or infant rapid HIV testing, or maternal or infant enzyme-linked immunosorbent assay (ELISA). HIV infection status in children aged ≥18 months was determined by rapid HIV testing or ELISA of a dried blood spot. HIV infection status in children aged <18 months with positive ELISA or unknown serostatus was determined by HIV PCR of an anonymized linked dried blood spot. Blood samples were collected for real-time PCR testing for Streptococcus pneumoniae targeting the lytA gene [13] .
Rates of Influenza-and RSV-associated Hospitalization
Average annual influenza-and RSV-associated hospitalization rates per 100 000 population were calculated using the number of SRI hospitalizations (from all sites) multiplied by the age-specific proportion testing positive for influenza or RSV and dividing by the sum of the mid-year population estimate for the combined catchment area. Rates were adjusted for nonenrollment (refusals, weekend admissions), healthcare-seeking behavior, and the attributable fraction of infection to illness [14] . Where published population estimates were unavailable (infants aged 0-2 months, 3-5 months, and 6-11 months), we estimated from the relative proportion of infants aged 0-11 months assuming the birth rate was constant throughout the year and adjusting for neonatal and infant mortality [15] . We stratified hospitalization rates by HIV status for children aged 0-59 months and HIV exposure status for infants only. Log binomial regression was used to estimate age-specific and overall age-adjusted relative risk (aRR) for influenza-associated SRI among HIV-infected children aged 0-59 months and HIV-exposed uninfected (HEU) infants compared to HIVunexposed uninfected (HUU) infants.
Comparison of Influenza-and RSV-associated Hospitalizations
We compared children who tested positive for influenza viruses to those who tested positive for RSV, excluding children who tested positive for both pathogens. We also described HIV status of influenza-and RSV-associated in-hospital deaths. Pearson χ 2 test and Wald χ 2 test using logistic regression were used to assess differences in categorical variables, and Wilcoxon rank-sum test was used to test for differences in median age. We also performed unconditional multivariable penalized logistic regression for factors associated with influenza vs RSV infection in hospitalized children. Variables with P values < .2 in the univariate analysis were assessed in multivariable analysis. Backward elimination was used to determine the final model. Statistical significance was assessed at P < .05 for all analysis using Stata 14.2 (StataCorp, College Station, TX). Table 1 ). HIV status was available for 975 (90.5%) children who tested positive for influenza or RSV, and 11.1% and 5.8% were HIV infected, respectively (P = .01). HIV exposure status was available for 666 (84.5%) of the 777 infants who tested positive for influenza or RSV. Among the 83 infants with HIV exposure data who tested positive for influenza, 9 (10.8%) were HIV infected, 27 (32.5%) were HEU, and 47 (56.6%) were HUU. Among the 583 infants with HIV exposure data who tested positive for RSV, 19 (3.3%) were HIV infected, 243 (41.7%) were HEU, and 321 (55.1%) were HUU. Point estimates of the rates of influenza-associated hospitalization were highest among infants aged 6-11 months (545/100 000) and decreased in the second year of life (Table 2) . RSV-associated hospitalization rates were highest among infants aged 0-2 months (6593/100 000) and rapidly declined during the first year of life. HIV infection was associated with increased risk of influenza-and RSV-associated hospitalization in nearly all age groups, with an overall RR of 2.7 (95% CI, 2.0-3.5) and 3.8 (95% CI, 3.1-4.8) for children aged 0-59 months for influenza and RSV, respectively. Risk of influenza-associated hospitalization was higher in HIV-infected compared to HIV-uninfected (HEU and HUU combined) infants aged 6-11 months (RR, 2.7; 95% CI, 1.7-4.3), children aged 12-23 months (RR, 2.3; 95% CI, 1.4-4.0), and children aged 24-59 months (RR, 3.5; (95% CI, 2.1-5.9). Risk of RSV-associated hospitalization was higher in HIV-infected compared to HIV-uninfected (HEU and HUU combined) infants aged 6-11 months (RR, 3.6; 95% CI, 2.2-5.9), children aged 12-23 months (RR, 5.9; 95% CI, 4.0-8.7), and children aged 24-59 months (RR, 6.7; 95% CI, 4.3-10.6; Table 2 ). When comparing HIV-infected to HIV-uninfected (HEU and HUU combined) infants aged 0-2 and 3-5 months, there were no statistically significant differences in risk of influenza-associated hospitalization and only modest increased risk of RSV-associated hospitalization (Table 2) . However, once stratified by HIV exposure status, there were statistically significant differences between HUU and both HEU and HIV-infected infants. Compared to HUU infants, HEU infants had increased risk of influenza-associated hospitalization among those aged 0-2 (RR, 3.0; 95% CI, 1.4-6.6) and 3-5 months (RR, 1.9; 95% CI, 1.1-3.2) (Table 3) . Likewise, HIV exposure was also associated with increased risk of RSV-associated hospitalization among infants aged 0-2 (RR, 1.4; 95% CI, 1.2-1.6) and 3-5 months (RR, 1.4; 95% CI, 1.2-1.7). Compared to HUU infants, HIV-infected infants also had increased risk of influenza-and RSV-associated hospitalization, with RR e Tachypneic defined as a child with respiratory rate >60 breaths/minute in children aged <2 months, >50 breaths/minute in children aged 2-12 months of age, and >40 breaths/minute in children aged ≥1 year at the time of hospital admission.
RESULTS
Influenza viruses
3.1 (95% CI, 2.0-4.6) and 2.8 (95% CI, 2.0-3.9), respectively ( Table 3 ).
In the multivariable analysis comparing influenza vs RSVinfected children, older age (multivariable OR increased from 3.4-15.8 vs 0-2 months), mechanical ventilation (OR, 3.0; 95% CI, 1.1-7.8), and nonrespiratory admission diagnosis (OR, 2.2; 95% CI, 1.2-4.1) were associated with influenza infection, while receipt of supplemental oxygen (OR, 0.6; 95% CI, 0.4-0.8) was associated with RSV infection (Table 1) .
Among 1067 children hospitalized with SRI who tested positive for influenza or RSV with outcome data, there were 9 in-hospital deaths (case fatality rate [CFR], 0.8%): 2/201 (1.0%) influenza-positive and 7/866 (0.8%) RSV-positive children. Among these 9 deaths, HIV status was available for 8, and 7 were infants. Among the 7 infant deaths, 1 (14.3%) was HIV infected, 4 (57.1%) were HEU, 1 was HUU, and 1 had unknown HIV status. Of the 2 children aged 12-23 months who died, 1 was HIV infected and 1 was HEU. Of the 2 children who tested positive for influenza and died, 1 (50.0%) was HIV infected and 1 (50.0%) was HEU. Among the 7 children who tested positive for RSV and died, 1 (14.3%) was HIV infected, 4 (57.1%) were HEU, 1 was HUU, and 1 had unknown HIV status.
DISCUSSION
We identified differences in influenza and RSV seasonality, detection rate, and burden by age group, HIV exposure, and HIV status. This could have important implications for the targeting and timing of influenza and RSV vaccines. The burden of RSV-associated hospitalization in infants was approximately 8 times that of influenza-associated hospitalization. RSVassociated hospitalization was also more common than influenza-associated hospitalization in children aged 12-23 months; however, hospitalization rates in children aged 24-59 months were similar for influenza and RSV. HIV exposure in infants and HIV infection in all age groups were associated with increased rates of both influenza-and RSV-associated hospitalization. In the multivariable analysis comparing influenza vs RSV-infected hospitalized children, influenza was associated with increased mechanical ventilation and RSV with receipt of supplemental oxygen, both indicators of disease severity.
The burden of RSV-associated hospitalization was highest in infants, especially in those aged 0-2 months. Because hospitalization rates peak at such a young age, maternal immunization may be an effective strategy for reducing RSV-associated hospitalizations. Published estimates from Kenya show the burden of b Estimated rates adjusted for the attributable fraction of influenza/respiratory syncytial virus, the proportion positive among those enrolled, and healthcare-seeking practices. RSV-associated hospitalization to be 13.4 (95% CI, 7.5-23.8) per 1000 infants aged <6 months [16] . Prior estimates from South Africa showed RSV-associated hospitalizations at 24 (95% CI, 22-26) per 1000 HIV-uninfected infants (HEU and HUU combined) aged <6 months and 128 (95% CI, 104-157) per 1000 HIV-infected infants aged <6 months [7] . Our estimates of RSV-associated hospitalization in infants aged <6 months are nearly 4 times the Kenya estimates. Likewise, our estimates for HIV-uninfected infants (HEU and HUU combined) aged <6 months are more than twice the prior estimate from South Africa. However, for HIV-infected infants aged <6 months, our estimates are comparable to the earlier estimate. In our surveillance, we used a modified SRI case definition that includes suspected sepsis or diagnosis of lower respiratory tract infection in infants aged 0-2 months. This case definition may improve sensitivity for the detection of RSV and/or influenza virus infections in young infants because it does not require specific symptoms (ie, fever and cough) [17, 18] and may contribute to the observed differences with published rates. In this analysis, RSV-associated disease burden remained high in infants aged 6-11 months and in children aged 12-23 months. Given that maternal RSV-specific antibodies wane in the first 6 months of life [19] , alternative strategies such as infant RSV vaccination or extended half-life monoclonal antibodies [20] may be useful to prevent RSV-associated hospitalizations in these age groups.
The burden of influenza-associated hospitalization was highest in infants aged 6-11 months. This rate is comparable to published estimates of 4.7 (95% CI, 1.8-11.9) per 1000 Kenyan infants aged 6-11 months [16] . Likewise, our estimated rate of influenza-associated hospitalization in infants aged 0-11 months was comparable to a prior published estimate from Soweto, South Africa, of 300-469 per 100 000 [6] . Also, the relative burden of influenza-associated hospitalization in infants aged 0-2 months was lower than in infants aged 3-5 months. Given that duration of maternal influenza antibody protection may wane in the third and fourth months of life [21] [22] [23] , the proportion of influenza-associated hospitalizations preventable through maternal influenza vaccination may be lower than our estimates using rates in infants aged 0-5 months. Maternal influenza vaccine coverage in South Africa remains below 15% [24] but has increased annually since 2011. Current influenza vaccines are approved for administration from 6 months of age; however, there are concerns about the effectiveness of influenza vaccines in children aged 6-23 months [25] [26] [27] [28] . Given the issue of waning maternal immunity and the lower effectiveness of current influenza vaccines in young children, alternative strategies for preventing these influenza-associated hospitalizations are urgently needed.
The relative risk of influenza-associated hospitalization in HIV-infected vs HIV-uninfected (HEU and HUU combined) children was similar in all age groups; however, the relative risk of RSV-associated hospitalization in HIV-infected vs HIVuninfected (HEU and HUU combined) children varied by age and was highest among children aged 24-59 months (Table 2) . HIV exposure and HIV infection were independently associated with increased rates of influenza-and RSV-associated hospitalization in infants aged 0-5 months (Table 3 ). The effect of HIV exposure was not seen in infants aged 6-11 months. This is the first study to demonstrate an association between HIV exposure and influenza-associated hospitalization in infants aged 0-5 months that may be associated with decreased transplacental antibody transfer from HIV-infected mothers [22] .
The overall in-hospital CFR (0.8%) among influenza-and RSV-infected children was low in our surveillance. Recent modeling of influenza-and RSV-associated deaths in South African children estimated that 57% (95% CI, 54-60) of allcause influenza-associated and 26% (95% CI, 24-28) of allcause RSV-associated deaths in children aged <5 years occurred out-of-hospital [29] . Global studies of influenza-associated LRTI estimate 1-2 million influenza-associated severe cases and 3.0% CFR in developing countries (including an estimate of 5.6% from Soweto, South Africa) [2] . Similar studies of RSV estimate 3.4 million RSV-associated severe cases and 2.1% CFR in developing countries (including an estimate of 1.3% from Soweto, South Africa) [3] . These earlier studies were conducted prior to 2004 when HIV antiretroviral therapy was introduced in the public sector for children. In addition, programs for the prevention of mother-to-child transmission have dramatically reduced transmission of HIV from more than 20% in 2004 to less than 2% in 2015 [30] . The overall reduction in HIV prevalence among children and the high proportion of out-of-hospital deaths may explain the much lower CFR noted in our surveillance.
There are several limitations to this analysis. In calculating rates of influenza-and RSV-associated hospitalization, we assumed that the proportion positive among children enrolled in surveillance was comparable to that of children with similar diagnosis codes who were not tested. There may be bias in enrollment practices (eg, not enrolling critically ill children or the youngest infants) that may impact that assumption. Also, these sites may not be representative of urban and rural South Africa. In our model, the attributable fraction of influenza and RSV were calculated for infants aged <1 year and for children aged 1-4 years. It is possible that the attributable fraction for infants aged 0-2 months might be different than that for older infants. Similarly, our health utilization survey was not powered to assess differences in hospitalization by refined age groups. Finally, we did not analyze the impact of the duration of maternal antiretroviral exposure on infant influenza-or RSVassociated hospitalization.
CONCLUSIONS
HIV exposure (in infants aged 0-5 months) and HIV infection are risk factors for influenza-and RSV-associated hospitalization. More than one-third of infants aged 0-2 months who met our SRI case definition tested positive for RSV. RSV-associated hospitalization rates were much higher than influenza-associated hospitalization rates in the first 2 years of life. Maternal immunization or passive immunization with monoclonal antibody may prevent influenza-or RSV-associated hospitalizations in young infants. Influenza vaccination of infants aged 6 months and older should be encouraged. 
